The four kinds of TiCl 4 /MgCl 2 type supported Ziegler-Natta catalysts, Cat-1, Cat-2, Cat-3 and Cat-4, were prepared by reaction of MgCl 2 -ethanol adduct with TiCl 4 . Cat-1 contains no internal electron donor (ID), Cat-2 contains diethyl phthalate (DEP) as ID, Cat-3 contains anisole as ID, and Cat-4 contains both DEP and anisole as ID. Ethylene copolymerizations with 1-hexene by these catalysts were compared. Influences of the internal electron donor on catalyst activity, copolymer composition, composition distribution, molecular weight and molecular weight distribution were investigated. Cat-3 showed the largest ability of incorporating 1-hexene into copolymer chains among the four catalysts. Each copolymer sample was fractionated into two fractions: fraction soluble in boiling nheptane (HS) and fraction insoluble in boiling n-heptane (HI). 1-Hexene content of the HS fraction is 6~10 times of that in the HI fractions. Amount of the HS fraction of copolymer by Cat-2 and Cat-4 was much lower than that of Cat-1 and Cat-3. Introduction of internal donor to the catalysts, especially diethyl phthalate (DEP), increased the blockiness of HI fractions. The molecular weight of both fractions increased when there is ID in the catalyst. Addition of anisole reduced the difference in molecular weight between HS fraction and HI fraction, but addition of PA enlarged the difference. The results are discussed based on a mechanistic model of MgCl 2 -supported Ziegler-Natta catalysts.
Introduction
Linear low-density polyethylene (LLDPE) is a copolymer of ethylene and C4~C8 α-olefins. As it contains a small amount of short chain branches along the backbone of polymer chain, its crystallinity, melting temperature and density are lower than ethylene homopolymer. These structural features make LLDPE a suitable material in the application fields like films and cables. More than twenty million tons of LLDPE resin is now produced every year in the world. Because of its great importance, many literatures have been published in the studies of ethylene-α-olefin copolymerization catalyzed by supported Ziegler-Natta catalysts and metallocene catalysts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Ziegler-Natta catalysts produced ethylene-α-olefin copolymer with broad chemical composition distribution (CCD) resulted from the presence of multiple active sites on the heterogeneous catalysts, and enrichment of α-olefin in the fraction with low molecular mass. Such broad CCD greatly influences the application properties of the copolymer. On the other hand, the α-olefin incorporation ability of Ziegler-Natta catalysts is lower than that of single site catalysts, resulting in limitation of available copolymer composition in the former system. So it is necessary to develop ZieglerNatta catalysts with improved α-olefin incorporation rate and more uniform CCD.
The most widely used catalysts for LLDPE production are MgCl 2 /ID/TiCl 4 type supported Ziegler-Natta catalyst, in which internal electron donor (ID) is an electron donating organic compound added to the catalyst during its preparation. They are usually prepared by contacting anhydrous magnesium chloride or its compounds with titanium tetrachloride. MgCl 2 ·nTHF adducts are often used to prepare supported catalysts suitable for ethylene-α-olefin copolymerization [1, 2] . This kind of catalysts actually contains THF as ID. On the other hand, catalysts for isospecific propylene polymerization usually contain diester compounds as ID [12, 13] . The major role of the internal donor is believed to be to change the active center distribution and improve the stereo-regulating ability of the catalyst [12] . However, it is still unclear how does the electron donor act with the active centers and change their properties. In other words, the relationship between the structure and chemical properties of ID and the catalysis behaviors of MgCl 2 /ID/TiCl 4 type supported catalyst need to be found through systematical research.
In recent years, many literatures reported the copolymerization of ethylene with α-olefin by heterogeneous Ziegler-Natta systems [4, [14] [15] [16] . However, there are very few literatures dealing with the roles of electron donors in the catalysts and the mechanism [16] . In this work, copolymerization of ethylene with 1-hexene catalyzed by MgCl 2 /ID/TiCl 4 type supported Ziegler-Natta catalysts containing different ID was studied. Two kinds of internal donors, diester and ether, were compared for their influences on catalyst activity, α-olefin incorporation rate, composition distribution, molecular weight and molecular weight distribution.
Results and discussion

Characterization of the adducts and catalysts
Four types of MgCl 2 ·nEtOH/ID adducts containing phthalic anhydride (PA) and anisole as ID, respectively, were prepared. Adduct-1 contains no ID, adduct-2 contains PA (PA/MgCl 2 molar ratio = 0.1) as ID, adduct-3 contains anisole (anisole/MgCl 2 molar ratio = 0.2) as ID, and adduct-4 contains both PA (PA/MgCl 2 molar ratio = 0.1) and anisole (anisole/MgCl 2 molar ratio = 0.2) as ID. Their infrared (FT-IR) spectra were recorded. Four catalysts (Cat-1, Cat-2, Cat-3 and Cat-4) are prepared by the reaction of adduct-1 ~ adduct-4 with TiCl 4 , respectively. FT-IR spectra of the catalysts and PA as well as diethyl phthalate (DEP) were also recorded. All these spectra are shown in Fig. 1 , and the main IR bands are listed in Table 1 . The most apparent changes in the IR spectra of these adducts and catalysts occurred in the absorption bands of C=O and C-O.
Judging from the changes of absorption bands of C=O or C-O in the adducts and catalysts, the following points can be concluded:
After mixing with anhydrous MgCl 2 , the ν (C-O) absorption of ethanol shifted from 1066 cm -1 to 1051 cm -1 and became broader. This means the formation of MgCl 2 ·nEtOH adducts.
The addition of PA in the preparation of MgCl 2 ·nEtOH·ID adduct led to the in-situ formation of diethyl (o-) phthalate (DEP) (see Equation (1)). Therefore, DEP is the actual ID existing in the final catalyst prepared based on this adduct. Titanium content of the catalysts containing different internal donors is listed in Fig. 2 . It is well known that titanium content of TiCl 4 /MgCl 2 type catalyst depends on surface area, chemical composition and crystal structure of the catalysts, as well as on the method of catalyst preparation. As listed in Fig. 2 , Cat-3 with anisole as internal donor contains more Ti than that of Cat-1 without any internal donor, and Cat-4 with both PA (DEP) and anisole as internal donor contains more Ti than that in Cat-2 with only PA (DEP). During the catalyst preparation, internal donor (ID) should complex not only with Mg atom but also with Ti atom. As a bidentate ligand, DEP will substitute for Ti atom loaded in the (110) plane and complex with MgCl 2 , which reduces the amount of Ti in the TiCl 4 /MgCl 2 catalyst. However, the ability of anisole to complex with MgCl 2 is weaker than that of DEP. Anisole might be easily removed from Mg atom during the reaction of support with TiCl 4 , leaving surface space for the fixation of the later. On the other hand, adding anisole may increase the surface area of MgCl 2 , which results in comparatively higher content of Ti in the catalyst [13, 19] .
Polymerization
The results of ethylene homo-polymerization and ethylene/1-hexene copolymerization catalyzed by the four catalysts are listed in Table 2 . The introduction of internal donor in the catalysts led to a significant increase in catalytic activity in ethylene homo-polymerization. In particular, the addition of anisole (Cat-3) led to the highest activity (0.33 Kg PE/g cat·h). At the same time, different types of ID showed distinct effects on melting temperature (T m ) and crystallinity (X c ) of the obtained polymer. The addition of PA (Cat-2 and Cat-4) caused rise in T m and X c of copolymer prepared at high 1-hexene feed, meaning that these catalysts have lower ability to incorporate 1-hexene than Cat-1. However, the addition of anisole (Cat-3) led to decrease in T m and X c . Therefore, the 1-hexene incorporation ability of the four catalysts varied in the order of: Cat-3 > Cat-1 > Cat-2 > Cat-4.
As listed in Table 2 , these copolymerization systems all showed strong comonomer effects. As 1-hexene concentration increased from 0.1 to 0.3 mol/l, the catalytic activity increased markedly, especially in the case of Cat-2 and Cat-4. Similar effects have been found in many heterogeneous Ziegler-Natta catalytic systems. 3 , m(cat) = 20mg，T = 50 °C，time = 0.5 h; Solvent: n-heptane.
Tab. 2. Results of ethylene-1-hexene copolymerization catalyzed by MgCl
2 /ID/TiCl 4 - AlR 3 a . Catalyst [1-Hexene] ○ (mol/L) Activity (Kg Polymer/g cat·h) T m (°C) X c (%)
Structure distribution of the copolymer
Ethylene--olefin copolymers synthesized with heterogeneous Ziegler-Natta catalysts usually have broad composition distribution. A simplified way of characterizing the CCD of olefin copolymer is fractionation of the polymer by solvents extraction. In this work we have used n-heptane as the solvent for extraction fractionation, and each copolymer sample was separated into two fractions: fraction insoluble in boiling n-heptane (HI), and fraction soluble in boiling n-heptane (HS). As shown in Table 3 , the presence of DEP (Cat-2) led to a distinct decrease in the content of HS fraction, which is only 3.4%, while the addition of anisole slightly increased the content of HS fraction. According to the 1-hexene content of the fractions, it can be seen that Cat-3 has the highest ability of incorporating 1-hexene in the copolymer among the four catalysts. However, when both PA (DEP) and anisole were added in the catalyst (Cat-4), incorporation of 1-hexene was still very low. In words of composition distribution, all these copolymer samples were rather inhomogeneous. The 1-hexene content of the HS fractions is 6~10 times higher than that of the HI fractions. Similar broad composition distributions have been observed in ethylene-α-olefin copolymer synthesized with different TiCl 4 /MgCl 2 based catalysts [16, 20] . It is worth noting that the difference in 1-hexene content of the HI fraction and the HS fraction became smaller when an ID was added in the catalyst. This is mainly due to a sharp increase in 1-hexene content of the HI fraction.
Tab. 3.Fractionation of poly(ethylene-co-1-hexene) by boiling n-heptane. Microstructure of poly (ethylene-co-1-hexene) characterized by 13 
C-NMR
In poly(ethylene-co-1-hexene) copolymers, there are three possible diads (EE, EH, HH), six possible triads (EEE, EEH, HEH, HHH, EHH, EHE), and the sum of their mole fraction is unity [21] . On the basis of 13 C-NMR data, the distributions of triad sequences of the copolymer fractions were determined, and the results are presented in Table 4 . For the HI fractions of copolymers, addition of internal donors (DEP and anisole) into catalysts led to a significant increase in both the content of 1-hexene unit and the content of [HH] sequence, meaning that sequence distribution in these polymer chains became much blockier. Meanwhile, the addition of anisole led to a significant increase in the content of [EH] sequence.
Based on the sequence distribution, the products of reactivity ratios were calculated, and listed in Table 4 . Blockiness of copolymer can be judged from the value of product of reactivity ratios. It is well known that r E · r H larger than unity reflects blocky sequence distribution. As seen in Table 4 , all the calculated r E · r H values were larger than unity. It indicated that all these fractions are more or less blocky. The sequence distribution of HI fractions in poly(ethylene-co-1-hexene) catalyzed by Cat-2, Cat-3 and Cat-4 were blockier than that catalyzed by Cat-1. The sequence distribution of the HS fractions in copolymer catalyzed by Cat-2 and Cat-3 also became blockier after addition of internal donor, especially anisole. 
Influence of internal donors on the molecular weight of copolymer
As shown in Table 5 , molecular weight of the copolymer fractions changed markedly when ID was introduced into the catalyst. Introducing DEP (Cat-2) caused remarkable increase in molecular weight of the insoluble fraction, and moderate increase of molecular weight of the soluble fraction. Anisole (Cat-3) caused only slight increase in weight average molecular weight of the insoluble fraction. The coexistence of DEP and anisole in Cat-4 slightly increased M n of the insoluble fraction, but its M w was raised much, resulting in a remarkable increase of polydispersity index. Addition of anisole in catalyst reduced the difference of molecular weight between the HS fraction and HI fraction. Contrarily, addition of PA (DEP) enlarged the difference.
Tab. 5. Molecular weight of the fractions of poly(ethylene-co-1-hexene).
Cat. HI Fraction between n-heptane soluble fraction and n-heptane insoluble fraction. b n.a = not available as the amount of fraction was not enough to be analyzed by GPC.
Mechanism of ethylene-1-hexene copolymerization by MgCl 2 /ID/TiCl 4 catalysts
It was reported that heterogeneous titanium catalysts such as TiCl 3 and MgCl 2 /TiCl 4 consist of multiple active centres that are different in stereospecificity [12] . It has also been reported that the copolymerization ability of the active centers depends on the oxidation state and stereospecificity of Ti active sites [22] . Kakugo et al. reported that nonstereospecific and syndiospecific active centers show higher activity toward ethylene than that of highly isospecific active centers, and the activity of low isospecific active sites toward ethylene is about twice that of the highly isospecific one [23] . In addition, there may be rapid transformations between non-sterospecific and syndiospecific active centers caused by configurational changes of Cl anion and alkyl group, which may lead to the formation of block copolymer.
A different model of active centers and polymerization mechanism has been proposed in this study. First, as suggested by Xu [24] and Chadwick [25] , the (110) plane and (100) plane of MgCl 2 crystallites provide the support for two kinds of active center respectively. The former is believed to be low isospecific active sites ( * a C ) and the latter is high isospecific active sites (
C ) [24, 25] . To explain the above mentioned experimental results, we assume that C with ethylene as the last unit, because the steric interaction between the substituent of the last chain unit and the alkyl substituent of the monomer may exert limitation on rotation and vibrations of the monomer, leading to extra stabilization of the coordinated α-olefin. This should be beneficial for the monomer to complete the insertion step, the key step of chain propagation. The lower α-olefin incorporation rate on * i C may be caused by its strong spatial limitation to the incoming α-olefin. In summary, the α-olefin comonomer coordinates on * i C with larger difficulty than on * a C , but once it has coordinated on * i C , the tendency of successive α-olefin insertion will be higher than on Based on this simplified model, the experimental results of Cat-1 can be reasonably understood. To explain the behaviors of Cat-2, Cat3 and Cat-4, the influences of internal donor on the numerical distribution and properties of Addition of internal electron donors to catalysts may change the ratio of lowisospecific active sites and highly isospecific active sites [23] . Xu et al. suggested that a part of nonspecific centers are selectively deactivated by the internal donor and a part of them are transformed into isospecific ones [26] .
The strong effect of diester type internal donor (like DEP in Cat-2) may be explained by their ability of coordinating with Mg on the support surface through two electron donating groups. It has been reported that diakyl phthalates like DEP coordinate with MgCl 2 in the (110) plane to prevent TiCl 4 from absorbing in this plane, which reduce the content of low isospecific centers by Sacchi [27] . As seen in Table 1 and Table 3 , after the addition of PA, the content of n-heptane soluble fraction undergoes a remarkable decrease and the Ti content of Cat-2 is much lower than that of Cat-1. On the other hand, in the (100) plane, DEP may coordinate with MgCl 2 adjacent to some types of active species and exert strong influence on them, resulting increase in their isospecificity (see Scheme 1). This will increase the probability of successive α-olefin insertion, and reduce the chain transfer rate in these However, anisole exerted distinctly different effects on the catalyst as compared to DEP. This could be explained by weaker coordination ability of anisole than DEP, because anisole is a monodentate donor. It seems that most of anisole coordinated on (110) plane of MgCl 2 can be replaced by TiCl 4 during the reaction of MgCl 2 adduct with TiCl 4 . As the result, addition of anisole cannot reduce the number of low specific centers * a C . As compared to Cat-1, the Ti content of Cat-3 was slightly increased and the amount of HS fraction formed by Cat-3 changed very little. As revealed by the FTIR spectrum of Cat-3, a part of anisole molecules still exist in the catalyst. They may coordinate with Mg adjacent to Ti active centers supported on both the (110) and (100) planes. Coordination of anisole in these planes may also enhance the steric interaction of monomer with the active centers [28] , resulting in increased blockiness of both the HI and HS fractions.
In Cat-4, both DEP and anisole coexist in the catalyst system. Because of the stronger coordination ability of DEP than anisole, the former may play the main role in influencing the catalyst properties and anisole only plays a synergistic effect. Therefore, structural features of overall copolymer catalyzed by Cat-4 are similar to those of Cat-2. However, the effects of anisole on the active centers can still be observed, since Cat-4 showed much increased values of polydispersity index and r E ·r H of the HI fraction compared to Cat-2.
Conclusions
In conclusion, diester type and ether type internal donors showed greatly different effects on the properties of active centers and their distribution in MgCl 2 /ID/TiCl 4 type supported Ziegler-Natta catalysts used for ethylene-α-olefin copolymerization. As compared to the catalyst containing no internal donor (Cat-1), Cat-3, the catalyst containing anisole as ID, showed the largest ability of incorporating 1-hexene in polyethylene chain among the four catalysts, but adding PA (DEP) in the catalyst (Cat-2) caused remarkable decrease in α-olefin incorporation rate. Ethylene-1-hexene copolymers produced by these catalysts can be fractionated into two fractions: fraction soluble in boiling n-heptane (HS) and fraction insoluble in boiling nheptane (HI). 1-Hexene content of the HS fraction is 6~10 times of that in the HI fractions. Amount of HS fraction of copolymer synthesized by Cat-2 and Cat-4 was much lower than that of Cat-1 and Cat-3. Introduction of internal donor to the catalysts, especially diester (DEP), increased the blockiness of HI fractions. Molecular weight of both fractions increased when there is ID in the catalyst. Addition of anisole reduced the difference in molecular weight between HS fraction and HI fraction, but DEP enlarged the difference. The experimental results can be tentatively explained based on a mechanism model, in which the HI fraction is thought to be formed on sterospecific active centers located on the (100) plane of MgCl 2 , and the HS fraction is thought to be formed on nonspecific active centers located on the (110) plane of MgCl 2 .
Experimental part
All reactions were carried out under nitrogen atmosphere.
Preparation of the MgCl 2 ·nEtOH adducts and MgCl 2 ·nEtOH·ID adducts.
4-5 g of anhydrous MgCl 2 (99%, Alfa Aesar) mixed with four equivalents of anhydrous ethanol (distilled and dried by 4 Å molecular sieve before using), a small amount of internal electron donor (ID) (phthalic anhydride or/and anisole) and 20 mL of anhydrous n-heptane were successively added into a flask. The flask was then heated to 120 °C and maintained for 6 h with magnetic stirring until the MgCl 2 was completely dissolved. Then the mixture was cooled to room temperature. The solvent and the unreacted ethanol were removed by evacuation, and the MgCl 2 ·nEtOH·ID adduct (Adduct-2, Adduct-3, Adduct-4) was collected as white powder. The dried adduct powder was sealed in a glass bottle and stored. MgCl 2 ·nEtOH adduct (Adduct-1) without addition of ID was prepared in a similar procedure.
Preparation of catalysts
10 g of MgCl 2 ·nEtOH (or MgCl 2 ·nEtOH·ID) adduct were added into a three-neck flask. Then a large excess of titanium tetrachloride (Ti/Mg = 20) was injected into the flask at -20 °C with magnetic stirring. The temperature was then raised to 120 °C and kept for 2 h. As the mixture was cooled to 60 °C, the liquid in the mixture was removed (siphoned off) and the remaining solid was washed twice with anhydrous nheptane. Subsequently, a large excess of titanium tetrachloride was injected into the flask and mixed with the remaining solid. Then the mixture was kept at 120 °C for 2 h. Finally, the mixture was cooled to 60 °C and the liquid was removed. The remaining solid was washed six times with anhydrous n-heptane and then dried in vacuum. Thus, four catalysts (Cat-1, Cat-2, Cat-3 and Cat-4) were prepared and stored at -20 °C in a drybox.
Analysis of adducts and catalysts
FTIR spectra of adducts and catalysts were recorded on a Bruker Vector 22 FTIR spectrophotometer with a sample wafer mixed with KBr power. The Ti content of the catalysts was determined by conventional spectrophotometry method [17] .
Polymerization
All of the polymerizations were carried out at 50 °C in a 100 mL Schlenk flask which was evacuated and purged by N 2 three times and then filled with ethylene at 1 atm. 50 mL of n-heptane as solvent, a designated volume of 1-hexene and Al(i-C 4 H 9 ) 3 (TIBA, Albemarle Co.) were successively added into the Schlenk flask. 20-30 mg of catalyst was added into the flask to catalyze ethylene polymerization for 30 min. Ethylene at 1 atm was continuously supplied into the flask to maintain a constant pressure. At the end of polymerization, ethylene was stopped and the slurry was poured into 200 ml ethanol containing 1 mL hydrochloric acid to terminate the reaction and settling down the polymer. The polymer particles were filtered, washed with ethanol and dried in vacuum at 50 °C.
Each copolymer sample was extracted by boiling n-heptane in Kumagawa extractor for 24 h, and then two fractions (soluble and insoluble part in boiling n-heptane) were collected. The soluble part was precipitated by ethanol. Both the soluble and insoluble parts were dried in vacuum at 50 °C.
Characterization of copolymer
The heat of fusion (ΔH f ) and melting temperature (T m ) of poly(ethylene-co-1-hexene) were determined by a Perkin-Elmer Pyris 1 DSC thermal analyzer. Samples were first heated to 160 °C at a rate of 50 °C/min, and kept at 160 °C for 5 min, then cooled to 50 °C at a rate of 10 °C/min. Then the second DSC scan from room temperature to 160 °C was recorded at a rate of 10 °C/min. According to ΔH f , the crystallinity of polymer was calculated by X c = ΔH f 100/ΔH f0 (ΔH f0 = 291.7 J/g) [9] .
Molecular weight and its distribution of these samples were measured by GPC in a PL 220 GPC instrument (Polymer Laboratories Ltd.) at 150 °C in 1,2,4-trichlorobenzene.
The 13 C-NMR (75MHz) spectra of the copolymer were recorded at 120 °C on a Varian Mercury 300 plus NMR spectrometer. Instrument conditions were as follows: pulse angle = 90°; relaxation agent is Chromium (III) acetylacetonate (97%, Acros Organics, of 5 mg/tube); D 1 (pulse delay) = 5 s; at (acquisition time) = 0.8 s; spectral width = 8000 Hz. 50 mg of sample were dissolved in 0.5 ml of o-dichlorobenzene-d4. Five thousand scans were taken with the Waltz-16 decoupling method. Hexamethyldisiloxane (HMDS) was used as an internal standard and the observed chemical shifts were converted to a tetramethylsilane (Me 4 Si) internal standard by adding 2.03 ppm.
